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ABSTRACT. A study is made of the use of the horizontal dipole
as a VLF transmitting antenna. Two types of multiconductor-
loaded dipoles are considered: (1) an off-center-fed dipole one
wavelength long, with wave velocity compensation; and (2) a
center-fed dipole about 0.2 wavelength long, end-loaded with un-
terminated radials. Theoretical equations are derived to deter- i
mine the efficiency, beamwidth, bandwidth, maximum power
radiating capability, and maximum antenna voltages, over a fre- .
quency range of 10-20 kHz and an earth conductivity range of
103 to 10°% mho/meter. Measurements made on a 6-km experi-
mental antenna constructed in Hawaii confirm the equations for
radiation efficiency and bandwidth.
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INTRODUCTION

The very low frequency (VLF) research program at the Naval Weap-
ons Center Corona Laboratories has s.own that there are certain ad-
vantages in the design and construction of herizontal-dipole transmitting
antennas, from the standpoint of both ecoromy and efficiency (Ref. . -4).
The purpose of this report is to present theoretical and experimental
data that will provide the basis for selecting the optimum horizontal-
dipole transmitting antenna to operate in a practical environment.

The performances of two types of horizontal dipoles are considered:
(1) an off-center-fed dipole one wavelength long, with wave velocity
compensation, and (2} a center-fed dipole about 0.2 wavelength long,
end-loaded with unterminated radials. Botk lypes are self-resonant
and need no tuning networks; both types are unterminated and require
no ground plane.

Theoretical equations are derived to determine the radiation effi-
ciency, maximum antenna voltage, power-radiating capability, band-
width, and beamwidth of the antennas, over a frequency range of 10-20
kHz and an earth conductivity range of 10-3 to 104 mho/meter. Ex-
perimental data are then presented of measurements made on a short,
end-loaded horizontal dipole constructed in Hawaii, to confirm the
theoretical performance in terms of radiation efficicncy and bandidth
and to establish the relatively low cost of this type of antenna.

THEORETICAL PERFORMANCE OF A HORIZONTAL
DIPOLE ONE WAVELENGTH LONG

Consideration is first given to a representative dipole one wavelength
long, elevated 10 meters above the earth, and made up of six No. 12
wires in a cage. The dipole is loaded at every kilometer with a series
capacitor to bring the wave velocity up to the velocity of light, where the
wave antenna has been found tc have the greatest efficiency.

By assuming different effective diameters of the cage of No. 12
wires, two values of characteristic impedance can be considered.
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A Zg of 2009 results from using a cage effective diameter of 1.482
meters. A smaller cage yields a characteristic impedance of 400 Q.
The amount of series capacitance used depends upon the resonant fre-
quency. For Z, = 2009, 0.45 pF-km is needed at 10 Hz, 0.215 uF-km
is needed at 15 Hz, and 0.13 uF-km is needed at 20 Hz to bring the wave
velocity up to that of free space.

By uging the physical dimensions of the antenna and the conductivity
of the earth under the antenna, the parameters required to evaluate the
dipole performance-—such as Z,, the attenuation constant ax, and c/v,
the ratio of free-space wave velocity to that along the dipole —can be
computed from the following equations (Ref. 3):

20 S - jok
. S 1
Zo 2wnC ¢ (1)
P
4
C 2 1 /l
a\ = ¥ wGC ’1 + Q" cos [zarc tan ,\-6)] (2)
4
C [od 2 . 1 1
T ;Jwrcp Jl +Q sxn[zarctan (-6)] (3)

where Q = wL/r and the angle arc tan (-1/Q) is in the second quadrant,.
Here the antenna series inductance and resistance per unit length are
computed from equations derived by Carson (Ref. 5):

710

~7 L.
L= 2%X10 Ina'\lf? (H/m) (4)
2 -1 Rm
r=afx10 {l+z—]+R_ (Q/m) (5)

S

where Ry, /Rg is taken from the curve in Fig. | for a certain ratio of
dipole separation to skin depth.

The capacitance to earth is obtained from the solution of LaPlace's
equation and is
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where h >>a.

EFFICIENCY

An expression for the efficiency of a single unterminated dipoi- has
been derived in Eq. 57 of Ref. 3. When the dipole is resonant and fed
one-fourth the length from cne end, the efficiency is

161r3fC ccsz 3]
_ P

36(21:% - ja\) (tanh a\t ) + tanh auz)\)

1D N

sinh a.)\iu - Jcoe(Zwlu co8 9)

[ax + thr(% - cos 6)] cosh o\l

iz

. . 2
\ inh a)\lz)‘ + cos(ZvIZx cos 9)

[ah + jk;rr(% + cos 9)] cosh auz

)N

where £ = 3/4 and f3 = 1/4 of the dipole length. This efficiency is
derived by equating the ground-wave radiated field strength of a perfect,
short, vertical antenna with that of the horizontal dipole {Ref. 3, p. 14).

The radiation efficiency of a single dipole, as described above,is
plotted as a function of carth conductivity in Fig. 2 for several VLF
frequencies and two values of characteristic impedance (Z,). The
radiation efficiency is not affected greatly by the characteristic imped-
ance for the values shown. However, as Z, becomes small and more
complex, it will affect the efficiency more. It is fortunate that this has
little effect on the maximum antenna voltage since low characteristic
impedance results in low antenna vcltage and high power radiating capa-
bility. The dipole efficiency rises very rapidly for low earth conduc-
tivity; this is to be expected since ¢ occurs in the denominator of Eq. 7
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FIG. 2. Radiation Efficiency of a Long Horizontal Dipole.
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and, in addition, most of the antenna parameters are to some extent
dependent upon ¢. The efficiency rises quite rapidly with frequency
in view of the fact that the antez..a is twice as long, physically, at
10 kHz as it is at 20 kHz,

The efficiency plotted in Fig. 2 is for one dipole, with consideration
given for the mutual registance induced into it by parallel dipoles on
either side at a distance of 1 kin. Therefore, for an array of "n"
dipoles spaced 1 km apart, the effective efficiency for comparison with
a perfect vertical antenxa is "n" times tne efficiency shown in Fig. 2.

MAXIMUM ANTENNA VOLTAGE

The moximum - Jltace on the regonant wave an

AAakes M0l bsrmnca CaTEEES wae wan —_——

puted from transmission line theory (Ref. 6) as

in Zo ’
Vmax = a\ (8) )
cosh T

The input current may be wriiten in terms of the radiated power, char-
acteristic im.pedance, efficiency, and attenuation constant along the
antenna as

I:‘)in
Iin - Rin
(9)
I:‘r
P, = —
in n

and the input resistance at resonance as

Rin 3 Zo(tanh % + tanh % ak) (10)
Therefore
i pr -
i, = {11
m nZ (tarh DS 4 iy 2 o)) w
o} 4 4 -
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By combining Eq. 8 and 11, the maximum voltage on 2 wave antenna
fed \/4 from one end is found to be

Pz
r o

J n(tanh & +tann ax)_

(12)

VvV =

max ak

h —
cos 2

The maximum voltage on the dipole antenna for ! MW of effective
radiated power from 60 dipoles is plotted in Fig. 3 as a function of
earth conductivity for va~iour VLF frequencies and two valuec of char-
acteristic impedance. The power radiated from each dipole is only
278 W. The efficiencies from Fig. 2 and the attenvation constants com-
puted with Eg. 2 are used in Eq. 12 to compute the maximum anteana
voltage. The physical configurztion of the antenna is the same as the
representative dip.le described earlier. The curves in Fig, 3 indicate
that the characteristic i.apedance should be as small as poesible with-
out deteriorating the efficiency. The lowest characteristic impedance
considered was 200{l, In cases where it is feasible to lay the antenna
directly on the ground, the antenna voltage can pe reduced conciderably
by using a low characteristic impedance. The use of higher frequencies
and lower earth conductivitics results in low antenna voltage because of
the increase in dipole efficiency. Even the higher antenn~ voltages in
Fig. 3 are well below the corona onset voltage.

POWER RADIATING CAFABILITY

The maximum eft  “tive power radiated by a group of dipoles one
wavelength long can be computed from an eq 'ation obtained by rearrang-

ing Eq. 12:
A\ 2 q(tanh % + tanh %uk)
= (NV cosh &—) - (13)
Tmax c 4 Zo

where N = the number of dipoles and V. = the maximum antenna voltage
before the onset of corona. This voltage was computed from an equation
derived bv Smith and Gustafson (Ref. 7). At an altitude of 5,000 ft above
sea level, corona onse’ voltage is zpproximately 35,000 V. As shown
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in Fig., 4, 60 dipoles have the capability to radiate several hundred
megawatts of efiective power. Nearly one billion watts of _ffective
power can be radiated at 20 kHz with an earth conductivity of 104 mho/
meter (see Fig. 4). f course, since each dipoie is only 5% efficient,
this would require 5 MV of input power to each dipole. Only one value
of characteristic impedance (200 - jZ5) is considered in Fig. 4.

BANDWIDTH

The bandwidth of a dipole one wavelengtk long is derived from the
input impedance. The dipole input impedance is the sum of the input
impedance of each portion cof the antenna on either side of the feed point
treated as an open-terminated transmiszsion line. The equation is writ-
ten:

. C . C
z. =2 [coth(gun +i2m 11x) + coth(auzx +j2m = lzx)] (14)

where Zp and o\ are computed from Eq. 1, 2, and 3, and {] and {; are
the dipole lengths on either side of the feed point. The input impedance
of the repreaentative dipole is plotted on Smith charts in Fig. 5, 6, and
7. In all cases, o= 5X 10-4 /m. The dipcle length is changed and
the series loading capacitance value is changed to resonate the dipole
at 10, 15, and 20 kHz, The input impedance is first computed over a
£20% frequency range about each of the resonant frequencies. It is then
normalized to the resonant resistance and plotted on the Smith chart to
obtain the half-power bandwidth with a generator whose internal im-
pedance is equal to the resonant registance. For the characteristic
impedance chosen (200 - j25 at resonance), the haif-power bandwidth
is much greater than 40%. The 1.3 dB power bandwidth is about 40%
for all three dipoles.

The input impedance for the three dipoles of different lengths, reso-
nating at 10, 15, and 20 kHz, are plotted as a function of frequency in
Fig. 8, 9, and 10. In addition, c/v, an, and Zo are plotted in the same
figures. These parameters are nearly constant over the VLF band if
no series capacitance is used in the antenna. In this case, however,
where series capacitance is used to increase the wave velocity and
thereby incrzase the efficiency, the parameters vary over the frequency
band, as shown in Fig. 8, 9, and 10,
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RADIATION PATTERNS

The power radiation pattern is computed with Eq. 7, where 8 is the
angle in ti:2 horizontal plane off the long end of the dipole. Increasing
the wave velocity along the antenna broadens the beammwidth, as may be
seen in Fig. 11. An antenna one wavelength long with cfv = 1.0 yields
an 80° half-power beamwidth. The beam may be flattened on top and
broadened by using h.gher antenna wave velocities {lower values of
c/v); see Fig. 11 where c/v = 0.9. When many parallel dipoles are used
in an array, the dip near © = 0° can be used to compensate for the array
beam factor, which 1s maximum at € = 0°. This compensating effect
could give a flat main beam 40" wide for an array of dipoles.

The patterns in Fig. 11 are for all three of the resonant frequencies—
10, 15, and 20 kHz—and the efficiency is normalized for this purpose.
Off resonance the patterns - ould change, but the change would be slow
because c/v varies quite slowly with frequerncy (see Fig. 8, 9, and 10).

COST

The cost of an antenna depends in part upon the terrain over which
the antenna is constructed. One total cost estimate, including construc-
tion, materials, and right-of-way, is $11,800 per mile in flat farming
areas, $16,000 per mile in rolling-hill-type terrain, and $24,800 per
mile in the mountains, These figures, obtzined from Edwin Devaney
of the Naval Electronics Laborator r Center, provide for three No. 000
copper cables on a cross arm supported by poles 40 ft high and spaced
300 ft apazt. However, such large conductors are not needed for the
horizontal dipole, since the antenna current is only 40 A and the skin
depth in copper at VLF frequencies is so small that most of the copper
in a No. 000 wire would be wasted. For the VLF range, No. 12 wire
gives optimum copper usage. The dipole considered uses six No. 12
wires, which is 625 1b per mile. (Three No. 000 wires weigh 8,040 1b
per mile.) The difference between the cost of the No. 000 wire and the
No. 12 wire, assuming copper wire costs $1.00 per 1b, is $7,400 per
mile., The total antenna cost, based on rix No., 12 copper-weld wires,
is then $¢,400 per mile in flat farm land, $8,600 per mile in rolling-
hill-type terrain, and $17,400 per mile in the mountains; these prices
include the right-of-way. The estimated cost of an array of dipoles
under various conditions is shown in Table 1.

17
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TABLE 1. Estimated Cost of Horizontal Dipole Antenna
One Wavelength Long.
Type of terrain
Unit cost —— Rolling
o .
farmland hills Mountains
I_——mm
Per mile $ 4,400 $ 3,600 $117,400
Per 10 kHz dipole 82,000 161,000 325,000
Per 15 kHz dipole 55,000 107,000 216,000
Per 20 kHz dipole. 40,000 78,000 157,000
. -3 -4 -4
10 kHz Dipole array, c =10 ¢ =5X10 og=10
50% efficient 170 dipoles | 55 dipoles 22 dipoles
$14 million | $14.5 million | $7.1 million
Ty -3 -4 a4
15 kHz Dipole array, | ¢ = 10 e =5X10 o =10
50% efficient 119 dipoles | 55 dipoles 14 dipolee
$6.5 million | $6 million $3 million
. X -4 -4
20 kHz Dipole array, | ¢ = i0 v =5X10 g =10
50% efficient 82 dipoles 25 dipoles 10 dipoles
$3.3 million | $2 million $1.57 million

a -y,
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IMPRCVEMENTS

The efficiency of the horizontal dipeole one wavelength long can be
improved about 30% by replacing the "\/4 porticn® (f, in Fq. 7) with
tuning radials. When 8 = 0° (off the end of the dipolej, this short por-
tion of the antenna contriputes a very small amount te the efficiency
(see the second term in the brackets of Eq. 7), and its presence adds
33% to the inpat resistance, which reduces the efficiency by that much.
Five parallel tuning radials would have much less input resistance and
would also have a shorter total physical length, thus reducing construc-
tion costs. The performance of this typ. of dipole may be analyzed at
a later data.

THEORETICAL PERFORMANCE OF A SHORT HORIZONTAL
DIPOLE LOADED WITH END RADIALS

A showter, end-loaded, center-fed dipole is now considered as 2
means of obtaining greater efficiency per unit l{ength, with less band-
width, The same physical configuration as the long dipole is used ex-
cept that the short dipole is only 6 km long and is loaded on the ends
with 5 radials {see Fig., 12). The lcngth of the radials determines the
resonant frequency. The equations for the antenna parameters, Eq. 1-56,
apply equally wetll for this type of dipole.

EFFICIENCY

The efficiency of this short antenna is enhanced by a nearly uniform
current distribution since the length is mi'ch less than a wave length
(approximately 0.2 \). The efficiency of an incremental length dipole
near the earth, derived in Eq. 52 of Ref, 3, is

2

1ds \

o a9
in

n= ocR
oin

2 2
160w we_cos” O (
The current moment of the short dipole, (Id#/1j,), is actually a damped
cosine function which, when integrated over the length of the dipole and

substituted into Eq. 15, gives the following equation for the dipole effi-
ciency:

20
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FIG, 12. Radiation Efficiency of a Short Horizontal Dipole.
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-7 2 /. c \ 2 :
3.508 x 10 " ft stw—la
= Sk va 2A {-a_. 1 )cos2 8 (l6)
n= oR . o BXPLTG T
T T

where £, is the half-length of the dipole.

The input impedance must be computed at resonanc. to obtain the
efficiency. The equation for the input impedance of an end-loaded
dipole, from transmission line theory, is

o}
2 3 —
ZoA[Zr + ZoAtanh (ua.)‘la)\ + jen va Iax]
= S — (17)
. .
z  tZ, .anh(aaua)\ +ize 1)

where Z,, the input impedance of the radials at the ends of the dipole,
is written

or N C
Z, =& coth(a At , + j2 ;—-1“) (18)

T

The resonant input resistance is determined by a computer reiteration
process in which various radial lengths are assumed,

The radiation efficiency is plotted as a function of earth conductivity
in Fig. 12 for the above-described 6-km dipole. Purely resistive char-
acteristic impedances wers used to compute the curves, A few points
using the more realistic complex Z, are also plotted at the lower value
of Z, to show that Z, should be as real 2s possible to obtain the highest
efficiency. The reactance part of Z, for a conductor near the earth
tends to remain constant, so higher Z, values give greater efficicacy
because the reactance part of Z, is a smaller fraction of the resistive
part. More work is needed to determine the optimum characteristic
impedance with vegard to efficiency. The efficiency u. a group of par-
allel dipoles 1 km apart can be found from the curves in Fig. 12 by multi-
plying the efficiency of one dipcle by the number of dipoles in the group,
since the mutual impedance was programmed into the equations to com- .
pute those efficiency curves.
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MAXIMUM ANTENNA VOLTACE

The maximum antenna voltage occurs at the end of the anteuna
radiating portion and the junction of the loading radials. Found by

g multiplying the input impedance of the radials by the antenna current
at that point, it is

P1:' (”naMaZ\) c
Voax = Far TR expl{—5— coa(lﬁﬁ = la)‘) (19)
oin a

where L, is the total length of the dipole, in wavelengths,

The maximum voltage on a single dipole in a group of 60 dipoles
that radiate 1 MW of effective power is shown in Fig, 13. The lower
conductivities give lower maximum voliage because of the higher effi-
ciencies, and the higher values of characteristic impedance give larger

s maximum voltages. A small amount of reactance in Z 4 has very lit-
tle effect upon V... since the efficiency times the resonance resis-
tance occurring in the equation for V., is nearly constant as a func-
tion of the amount of reactance in Z,. The antenna voltages appear to
be below corona onset even for the lowest frequencies and highest con-
ductivities. Comparison with Fig. 3 shows that the voltages on the
short dipole are higher than on the long dipole.

> — -
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POWER RADIATING CAPABILITY

: The maximum effective power radiated by a group of short dipoles
can be computed from an equation obtained by rearranging Eq. 16.
VN 2
c

E S aren —aa}\la}\‘) c )
Xar exp(-———-é-—— ccs(lBO -V-; Iak

where Ve the maximum antenna voltage before corona onsei, replaces
Vmax. This voltage, computed earlier in the report, is 35 kV, The
maximum effective radiated power is plotted as a function of earth
conductivity for several frequencies in Fig. 14. Several hundred
megawatts of effective power could be radiated by an array of 60 aipoles
. over low conductivity earth, Only cne value of characteristic immpedance
§ is considered.

1"Roin (20)
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FIG. 13. Voltage on 60 Short Horizontal Dipoles Radiating
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300
ALTITUDE = 5000 FT A3OVE SEA LEVEL :
VMAX = 35KV :
Zo = 200R
DIPOLE SEPARATION = 1 KM
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100 \\

MAXIMUM EFFECTIVE RADIATED POWER,

\

; 1 1 ! |
0 0.2 0.4 0.6 0.8 1.0

EARTH CONDUCTIVITY, MILLTMHO/METER

FIG. 14. Power-Radiating Capability of 60 Short Horizontal
. Dipoles Before Corona Onset,
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BANDWIDTH

The bandwidth of the short dipole is cobtained by plotting the input
impedance on a Smith Chart (see Fig. 15, 16, and 17). The radial
lengths of the 6-km dipole are varied to obtain resonance at each of
three frequencies: 10, 15, and 20 kHz. The amount of series capaci-
tance is then varied at each of these resonant frequencies to obtain an
antenna wave velocity equal to that of free space (c/v=1). The input
impedance is computed over a frequency range of £20% abcut each reso-
nant freguency for each dipole configuration. The Smith chart plots
indicate an average half-power bandwidth of about 32% when the dipole
is driven with a transmitter whose internal inpedance is equal to the
dipole resonant resistance. The characteristic impedance at resonance
of these dipoles is 200 - 25 Q. Lower bandwidthe would result for
higher characteristic impedances. In Fig. 18, 19, and 20, the input
resistance and reactance, as well as antenna wave velocity, attenua-
tion, and characteristic impedance, are plotted as a function of the
frequencies around resonance for the three dipole configurations.

RADIATION PATTERN

The half-power beamwidth of the short dipole is nearly 90°. The
radiation pattern is approximately a cosine pattern about the dipole
axis in the horizontal plane.

COST

The cost of the short dipole depends upon the terrain over which the
antenna is constructed and on the conductivity of the earth. See Table
2. It appears that the total costs of an arrav of long dipoles and an
array of short dipoles, using the same type of line and the same ter-
rain, are about equal, both having an effective efficie: cy of 50%.
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FIG. 5. Input Impedance of Short Horizontal Dipole with Five
825-m Radials.
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FIG. 16. Input Impedance of Short Horizontal Dipole with Five
328-m Radials.
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FIG. 17. Input Impedance of Short Horizontal Dipole with Five
115-m Radials.
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TABLE 2.

(20 = 409 )

Estimated Cost of Short Horizontal Dipole

50% efficient

15 kHz Dipole arzay,
50% efficient

20 kHz Dipole array,
50% efficient

Type of terrain

020 dipoles
$14.1 million

=107
330 dipoles
$6.3 million

o= 10*3
220 dipoles
$3.7 million

Unit cost Flat Rolling
. farmland_ hills
Per mile $ 4,400 $ 8,600
Per 10 kHz dipole 22,700 44,090
Per 15 kHz dipole 19,600 37,000
Per 20 kHz dipcle 17,000 33,000

. -3 -4

10 kHz Dipole array, =10 o= 5%X10

360 dipoles

$15.8 million
g=5X 10.4
167 dipoles
$6.1 million

c=5x10"
116 dipoles
$3.8 million

Mountains

$17,400
90,000
74,000
68,000

c=10

82 dipoles
$7.4 million
o= 100"

38 dipoles
$2.8 million,

-4
=10
26 dipoles
$1.75 million
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EXPERIMENTAL PERFORMANCE OF A SHORT,
END-LOCADED HORIZONTAL DIPOLE

]
K-
3

The antenna shown in Fig. 21 has been constructed on the lava beds
of Hawaii. Measurements were made on this dipole to confirm the
theoretical performance, in terms of efficiency and bandwidth, shown
in Fig, 12, 15, 16, 17, 18, 19 and 20. The radiating portion of the
dipole ig a cable made up of ten No. 15 conductors, each 6 km long,
elevated 4 ft above the lava on 1i-in. diameter poles. The dipole is
center-fed and is loaded on each end with 9 equally spaced radials
made of No. 12 conductors 900- ft long, and each radial is loaded with
8 equally spaced 225uH inluctors.

ki e dtisid bt

TRTY

£
Z;
¢l

t-~380M 0.5 UF

' - '

\9 IHDUCTANCE~LOADED
RADIALS, EACH 900 FT LONG

FIG. 21. VLF £-km Antenna Constructed 4 ft Ahove Lava Bed
in Fawaii.

1 The antenna cost $3800 for labor and materials. This low cost—

] about 10% of the amount 2stimated —was possible because the dipole
was coastructed on the Pohakuloa Army Base, and therefore no rights-
of-way had to be purchased. In addition, the antenna was elevated
only 4 ft above the ground on small poles, (A 20-kHz antenna that
would be 50% efficient, with 2 4-kHz barndwidth, would cost $200,000

% to construct at this same location.)

Conductivity measurements were made over the area beneath the
antenna to a depth of about 330 ft by the Right Angle Array Method
(Ref. 8). The average conductivity between 10 and 20 kHz was about
0.3 millimho/meter.
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The radiation efficiency was found t< be very cloge to ihat pre-
dicted theoretically (see Fig. 12). To determine the efficiency of the
single dipole, the ground wave field strength is measured with a cali-
brated loop { Ref. 9) at a distance beyond the near fields of the antenna.,

This field strer:.s is ased to compute the radiated power ..om
(Ref. 10)

(Efi'\ )2
Pr = =50 {Z1)
where E; = field strength, in volts/meter,and R = range from center of é
antenna, in meters. The radiated power is then compared with the %

input power to obtain the dipole efficiency as compared with that of a
perfect vertical monopole.

U

The dipole radiation efficiency was measured both with and without
end-loading (see Fig. 22 and 23). The dipole was resonant at 17.66 kHz
without radials and at 10.6 kHz with radials. Measurements were made
at several different distances off the end of the antenna to minimize the
two sources of error for this type of measurement. These sources of
errors are contamination from sky waves and contamination from near
field components. Measurements were made at several ranges to make
certain that the radiated field strength was decreasing inversely pro-
portional to the distance from the center of the dipole. An average of
the curves in Fig. 22 and 23 represents the most accurate values for
the efficiency of the dipole. The efficiency increased near the resonant
frequency of each dipole configuration even though the reactance was
tuned out for the efficiency measurements. This increase in efficiency
is due to the mocre uniform current distribution on the dipole. The end
radials nearly double the efficiency of the antenna near 10 kHz, and the
efficiency continues to increase with frequency. However, the dipole
with no radials is most efficient near its resonant frequency {17.66 kHz).
The dipole with radials is approaching full wave resonance at the highest
frequency used (20 kHz). Full wave resonance reduces the radiation
efficiency off the end of the dipole but enhances the sky wave radiation.
Series capacitance loading of 0.5 pF each 1250 ft was used to increase
the wave velocity along the antenn2 (see Fig. 22). This loading in-
creased the efficiency over the whole frequency range but was most
effective at the high end. This resulted from the antenna being electri-
cally shorter and further from full wave resonance and the current
distribution more uniform.
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RADIATION EFFICIENCY,
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MEASUREMENTS MADE AT THREE DIFFERENT DISTANCES
FROM THE DIPOLE CEMTER OFF THE END OF THE DIPOLE
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SERIES CAPACITANCE
0.5 UF-1250.FT
R = 26.5 KM

NC SERIES
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FREQUENCY, KHZ

FIG. 22. Efficiency of Hawaiian Dipole End~loaded with

Nine 900-~ft Radials.
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RADIATION EFFICIENCY, %

0.7
NO SER1ES CAPACITANCE LOADING
£, = 17.66 KHZ
0.6} MEASUREMENTS MADE AT TWO DIFFERENT CISTANCES FROM
THE DIPOLE CENTER OFF THE END OF THE DIPOLE.
0.5
0.4
R =
0.3 26.5 KM
0.2
0.1
0 | { i I 1
8 10 12 ib 16 18 20
FREQUENCY, KHZ
FIG. 23. Efficiency of Hawaiian Dipe’. Without End Loading.
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Impedance measurements were made on the different dipole config-
urations to determine bandwidth and other antenna parameters such as
wave velocity, attenuation factor, and characteristic impedance. The
bandwidth of the dipole loaded with end radials is nearly equal to the
bandwidth of the dipole with no end loading {se¢e Fig. 24 and 25). The
half-power bandwidth is 25%, which is near that predicted theoretically
(see Fig. 15). This means the antennz will accept half of the output
power, or more, from a transmitter whose output impedance is equal
to the resonant resistance of the dipole over a 25% tandwidth about the
resonant frequency. In Table 3, the half-power bandwidth and also
the 1-dB bandwidths, in both cycles ard percent cf the resonant fre-
quencies, are tabulated for the different dipole configurations. If the
dipole or the end-loading radials are on the sround the bandwidth is
greater, but this dipole configuration is not recommendcd because of
the observed changes in resonant frequency and resonant resistance
during rainstorms. Raising the dipole a few feet above the ground con-
siderably reduces this effcct. The change in phase of the radiated
electric field due to weather must be evaluated. Plots of the dipole
| input resistance and reactance versus frequency are shown in Fig. 26

and 27,
TABLE 3, Comparison of Bandwidth for Several Dipole
Configurations.
Type of Resonant Bandwidth
tenna frequency,

an KHz 1 dB 3 dB
Single conductor on 14.2 18% = 2.5 kHz | 35% = 5 kHz
lava; no radials
Single conductor, 17.7 14% = 2.4 kHz | 24% = 4.2 kHz
elevated; no radials
Single conductor on 10.2 18% = 1.8 kHz | 35% = 3.6 kHz
lava; 5 radials on
lava
Single conductor, 10.8 17% = 1.8 kHz | 35% = 3.8 kilz
elevated; 5 radials
on lava
Single conductor, 10.6 13% = 1.4 kHz | 25% = 2.7 kHz
elevated; 9 radials,
elevated
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/ HALF-POWER BANDWIDTH = 25%

_ WiTH 89-0 QENERATOR
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Input Impedance of End-Loaded Hawaiian Dipole.
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FIG. 27. ’nput Resistance ad Reactance of Hawaiian Dipole
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The eificiency-bandwidth product iz &2 measure of information-
transmitting capability and also an indicator of the phase and amplitude
stability of an antenna. Table 4 is a comparison of an Hawaiian antenna
made up of 10 parallel horizontal dipoles and of the largest Navy trans-
mitting antenna at Cutler, Maine. At 10.6 kiiz the Hawaiian antenna
would have an efficiency-bandwidth product 18 times greater than the

Cutler antenna, and at 17.7 kHz the efficiency-bandwidth product would
be 4 times greater.

TABLE 4. Comparison of Efficiency-Bandwidth Froduct
oi 10-Dipole Horizontal Antenna, Hawaii, and Navy
Antenna, Cutler, Maine,

At 10.6 kHz At 17.7 xHz
Hawaiian Navy, Hawaiian Navy,
Chara:._teristic antenna w/ | Cutler, antenna, Cutler,
: 9 radials Maine no radials Maine
Eificiency, % 2 50 & 80
Bandwidth, Hz 2700 6 4200 62
Efficiency-bandwidth
product, Hz 54 3 210 50
i
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E S
§_;:
»
-t
C3
B
&
\ g NOMENCLATURE
£
f
2 2 Antenna conducter radius
b .‘.. 8
§ c Free-space wave velocity (3 X 107}
B
§§ 3 - o
= Cp Antenna ¢*strihuted capacitance to ground {farads/meter)
%=
F
E C:3 Lumped series capacitance inserted in antenna
1 :
.
f?—;t f Frequency
1 -
- F
i h Antenra height (meters)
\ <
I
3 I;n Antenna input current
N |
| E Im Imaginary term
Ev: ~ - 9 rd b a
= £ Length of longest part of dipole from feed point to the end
= L
5 ﬁz Length of shortest part of dipcie from feed point to the end
L Antenna series inductfance per unit length
-
e n Number of loading radials
%
£ N Number of dipoles
£
= - .
P Antenna input power
B -
i P Radiated power
Z r &
¢
& 0 wl
E T
b Antenna series resistance per unit length
I3 Range from center of antenna in meters
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b3

n

oA

™

cY

HN

3y

Antenna input :'esistance

Mutual resistance

Antennz. resonant input impedance
Antenna self resistance
Conductor ac resistance

Real term

Distance between conductors
Wave velocity

Wave velocity zlong antenna

2 radials

Wave velocity ale .g

Antenna voltage before corona onset
Maximum antenna voltage

Distance from antenna ieed point
Input reactance to radials

Antenpa mutual reaciance

Antenna seif reactance

Antenna inpui impedance
Characteristic impedance
Characteristic izapedance of antenna
Characteristic impedance of radials

input impedance of radials at ends of dipole

45

o

o

o

gt

TR AR

o

)

¢



e e st e P ot ~ L m —e it L

NWCCL TP 770

Termination impedance
Attenuation constant
Antenna attencation constant

Radial attenuation constant

.
—;—\E; free-space propagation phase -_.._*ant

2w sc .

T(:)’ propagation phase constant along antenna
Skin depth (meters)

12

)

Free-spacc dielectric constant {8.85 X 10~

Antenna radiation efficiency compared with that cf a perfect
monopole

Free-space wavelength
2nf
Earth conductivity {mhos/meter)

Angle in azimuthal plane measured from antenna axis
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